e study of compacted clay material under dynamic load coupled with dry-wet cycling is one of the most important areas in the field of transportation. In this paper, experiments in terms of compacted clay under dynamic load coupled with dry-wet cycling are performed, and synchronous resistivity tests are also conducted. According to the test results, the influences of cumulative plastic strain, dry-wet cycles, and amplitudes on the soil resistivity are analyzed. en a new damage factor based on resistivity is proposed to evaluate the long-term performance of compacted clay material. e result of research shows that the evolution of the soil resistivity can be divided into two stages, which has a contrary tendency with that of cumulative plastic strain. e dry-wet cycles and amplitudes have a significant effect on the damage of the compacted soil, which indicates that the dry-wet cycling of compacted soil materials should not be ignored in road engineering, especially in rainy and humid areas.
Introduction
Roadways and railways commonly consist of upper pavement or ballast layers (track slab) over one or more silty clay layers which are together compacted over a suitable soil subgrade. As it is well known, compacted clay material provides the most important structural element in the road system because, in most cases, the cumulative deformation phenomenon takes place mainly in the subgrade layer causing progressive fatigue cracking of upper road layers [1] [2] [3] . So, it is essential to control the long-term performance of the subgrade so as to carry traffic safely, conveniently, and economically during its entire lifespan. However, the subgrade suffers from the humidity change and variation of temperature for a long term; besides, the cyclic traffic loads and other climate also bring adverse effects on it. erefore, it is of great significance to study the long-term performance and damage laws of compacted clay material under the comprehensive effect of dynamic load and dry-wet cycling.
e damage of compacted soil is usually accompanied by the change of soil structure, and the electric resistance can reflect the feature of the composition of soil particles and pore structure well. us, resistivity can be used in the study of soil structure change and structural damage [4] . Archie [5] first studied the relationship between soil resistivity and its structure and proposed the soil structural factorresistivity structure factor F (formation resistivity factor).
en, he established the exponential function relation between resistivity structure factor and sandy soil porosity. Miao et al. [6, 7] investigated the resistivity characteristic of cement-stabilized soil; the relationship between soil resistivity and unconfined compressive strength, cement mixing ratio, and age were obtained. Fukue and Liu et al. [8] [9] [10] developed a geotechnical resistivity test system and established the resistivity model of expansive soil and soft soil structure, and they put forward an average apparent structure factor concept for this type of soil. Subsequently, Lin et al. [11] conducted indoor experiments on the resistivity of loess, on the basis of which the influence of contact pressure, temperature, and measurement frequency on resistivity was studied and the variation rule of the resistivity of loess was analyzed. However, the literature on electric resistance tests on compacted clay material under dynamic load coupled with dry-wet cycling is rarely published. erefore, experiments of dynamic load coupled with dry-wet cycling are performed in this paper, and the synchronous resistivity tests on compacted clay material are conducted at the same time. According to the experimental results, the evolution of resistivity with cumulative plastic strain, dry-wet cycles, and amplitudes is analyzed, and then, a damage factor based on resistivity is proposed to evaluate the long-term performance of compacted clay material. e study can provide a reference for the damage assessment of the compacted subgrade soil under complex environment and traffic loads.
Experimental Procedures
e experimental clay material was taken from Sanmenxia along the Zhengxi Passenger Railway in China. e main material characteristics are listed in Table 1 . All the test samples are reshaped in a cylinder-shaped sampler of 76 mm in height and 38 mm in diameter. e samples are compacted to an initial dry density of 1.81 g/cm 3 to meet the compaction requirement's degree of the specification [12] .
In order to simulate the actual service condition of the road subgrade under traffic loads and climate changes, dynamic triaxial tests are conducted on the samples subjected to different dry-wet cycles and amplitudes. Aimed at simulating the field stress state of subgrade soil, the bias consolidation of the soil samples is carried out under a certain confining pressure for 15 hours before starting the triaxial tests. e experimental scheme for the dynamic load coupled with dry-wet cycling is designed and shown in Table  2 . In fact, the testing program shown in Table 2 is designed according to the practical road subgrades subjected to traffic loads and climate changes. It is reported that the mechanical properties of compacted clay soil could finally tend to stabilize after 8∼10 dry-wet cycles. us, the maximum number of drying-wetting cycles is fixed at 9 in this research. Moreover, in terms of clay soil material, the maximum water content of subgrades under climate changes is usually no more than OWC + 6% (here, OWC means the optimum water content of subgrades). e maximum amplitude of drying-wetting cycles is fixed at 6% in the experiment.
For the purpose of describing the damage state of compacted clay material under dynamic load coupled with dry-wet cycling, the soil sample resistivity is tested simultaneously with the dynamic triaxial test in this paper. According to the principle of measurement, the resistivity test method can be divided into the dipole method and the quadrupole method [13] , and the two kind of measuring devices are shown in Figure 1 .
e quadrupole method provides a certain voltage through a type AB electrode, the resistance of soil sample can be obtained by the means of measuring the voltage of MN electrode and the current in the pathway, and then the soil sample resistivity will be obtained through the resistivity calculation formula. e dipole method is a special case that the electrode MN is shared with the electrode AB in the quadrupole method. When using the dipole method, the contact resistance will be greater because of the poor contact with the electrode and the soil sample; therefore, contact resistance size should be determined before the formal test [14] .
e quadrupole method has the advantages of not considering the contact resistance compared to the dipole method, but the measuring electrode usually needs to be inserted into the soil sample.
us, it is not suitable for the measurement of resistivity for which soil sample integrity requirements are high. For this purpose, the dynamic triaxial apparatus is upgraded and modified to satisfy the synchronous test requirements of dynamic characteristics and resistivity of the samples, as shown in Figure 2 . In terms of the soil sample integrity, circuit installation, and operability of instrument, the dipole method is adopted to measure the soil sample resistivity in this paper. e resistivity is collected by WDJD-4 multifunctional digital DC exciter, as shown in Figure 3 .
It is noted that temperature can affect the soil resistivity significantly; thus, the measured resistivity needs to be corrected. In this paper, the resistivity tests are firstly carried out at different temperatures to derive the temperature correction curve, as shown in Figure 4 . In order to eliminate the effect of temperature, the resistivity of the soil sample in the standard state is adopted uniformly in the following analysis. According to the test results, the relationship between the resistivity of the standard state and the measured resistivity can be described by using the following formula:
where ρ 25 and ρ T are the soil sample resistivity of the standard state (25°C) and the measured temperature, T (°C), respectively. T is the experimental temperature, α is the Advances in Materials Science and Engineeringtemperature correction coe cient, and α 0.0207°C −1 in this paper based on the test results. e measured resistivity is calculated by the following equation:
where ΔU is the voltage between the two electrodes, ΔU sp is the initial potential di erence, I is the current value of the soil sample, and S and L are the surface area and height of the soil sample, respectively. Figure 5 shows the variations of the soil sample resistivity and cumulative plastic strain with the number of loading cycles. It can be seen from Figure 5 that the evolution of the resistivity can be divided into two stages. e rst stage is the early stage of cyclic loading: the cumulative plastic strain of soil sample increases rapidly and the resistivity decreases greatly. With the growth of the accumulative plastic strain, the soil sample resistivity further reduces and then reaches the minimum value at a certain number of loading cycles. e second stage is the late cyclic loading: the growth rate of the accumulative plastic strain continues to decrease, and the values of accumulative plastic strain gradually stabilize. However, the soil sample resistivity increases inversely with the increasing loading cycles. At the rst stage, the native micropores and microfractures of the soil sample gradually close because of the initial loadings, which causes larger soil compactness and better interconnectedness of pore water, thus leading to the increase of conductive passage in the soil sample [6] . When the resistivity reaches the minimum, the repair of the internal defect of the soil sample reaches its limit. At the second stage, the resistivity of the soil sample increases inversely, which indicates that the cyclic load causes new micropores or microcracks. e above results show that the resistivity can re ect the damage state and the process of damage evolution of the soil sample. Figure 6 presents the variations of the soil sample resistivity with the number of loading cycles for di erent drywet cycles. It can be seen that the soil sample resistivity decreases initially, increases with the increasing number of loading cycles, and nally tends to stabilize, which are consistent with the rule of Figure 5 . It also can be observed from Figure 6 that the soil sample resistivity increases gradually with the increasing dry-wet cycles, which indicates that the repeated dry-wet cycling can cause internal damage of the soil sample, thus leading to the density decrease. e e ects of the dry-wet cycling amplitude on the soil sample resistivity are investigated in Figure 7 . It can be seen from Figure 7 that the soil sample resistivity increases with the increase of the dry-wet cycling amplitude. is indicates that the di erent dry-wet cycling amplitudes can also cause internal damage and reduce compactness of the clay soil and thus results in a strength decreasing, which is consistent with those results obtained by Liu et al. [15, 16] . erefore, the resistivity can be used to determine the strength of compacted soil materials indirectly, and then the internal damage of the subgrade under complex environment and load can also be evaluated by adopting the resistivity measuring method. In order to evaluate the damage property of compacted clay soil materials quantitatively using the resistivity measuring method, a damage factor based on resistivity is dened by the following equation:
Results and Discussion
where D ρ is the soil damage factor based on resistivity. Here, D ρ is de ned as a parameter to indicate the soil degradation. e bigger the parameter, the more serious the damage is. ρ 0 is the resistivity of the nondestructive soil sample. Here, the samples not experiencing the dynamic load coupled with dry-wet cycling are considered as nondestructive soil. ρ is the resistivity of the damage soil.
According to the above de nition, the resistivity of the nondestructive soil sample can be measured, ρ 0 19.07 Ωm in this paper. By employing (3), the damage characteristics of compacted soil materials under the dynamic load coupled with dry-wet cycling can be evaluated and analyzed. e measured sample resistivity increases with the increasing number and amplitude of drying-wetting cycles, but no more than 20.95 Ωm in this paper. erefore, the values of the damage factor de ned in (3) vary from 0 to 0.1, as far as Sanmenxia clay material is concerned. e variations in the damage factor of compacted soil with the dry-wet cycles and amplitudes are presented in Figures 8 and 9 , respectively. As can be seen from Figure 8 that when there is a small number of dry-wet cycles, the damage factor increases dramatically with increasing dry-wet cycles. However, when the number of dry-wet cycles exceeds 4, the e ect of the dry-wet cycles on the damage factor becomes relatively slight. is indicates that the long-term performance of compacted soil will tend to be stable after a certain number of dry-wet cycles. It can be observed from Figure 9 that the damage factor increases almost linearly with the increase of the dry-wet amplitudes.
is result reveals that the dry-wet amplitudes have a signi cant e ect on the damage of the compacted soil. e dry-wet cycling of compacted soil materials should not be ignored in road engineering, especially in rainy and humid areas.
Conclusions
In this paper, a series of experiments of dynamic load coupled with dry-wet cycling are performed, and the synchronous resistivity tests on compacted clay material are conducted. e in uences of cumulative plastic strain, drywet cycles, and amplitudes on the soil resistivity are analyzed. Furthermore, a new damage factor based on resistivity is proposed to evaluate the long-term performance of compacted clay material. e main conclusions of this study can be summarized as follows:
(1) e evolution of the soil resistivity can be divided into two stages. e rst stage is the early stage of cyclic loading: the cumulative plastic strain of soil sample increases rapidly and the resistivity decreases greatly. e second stage is the late cyclic loading: the soil sample resistivity increases inversely with the increasing loading cycles. It shows that the resistivity can re ect the damage state and the process of damage evolution of compacted clay material. (2) e repeated dry-wet cycling can cause internal damage of the soil sample, thus leading to the density decrease. erefore, the resistivity can be used to determine the strength of compacted soil materials indirectly, and then the internal damage of the subgrade under complex environment and load can also be evaluated by adopting the resistivity measuring method. (3) e dry-wet cycles and amplitudes have a signi cant e ect on the damage of the compacted soil, which indicates that the dry-wet cycling of compacted soil materials should not be ignored in road engineering, especially in rainy and humid areas.
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